The NAC domain was originally characterized from consensus sequences from petunia NAM and from Arabidopsis ATAF1, ATAF2, and CUC2. Genes containing the NAC domain (NAC family genes) are plantspecific transcriptional regulators and are expressed in various developmental stages and tissues. We performed a comprehensive analysis of NAC family genes in Oryza sativa (a monocot) and Arabidopsis thaliana (a dicot). We found 75 predicted NAC proteins in full-length cDNA data sets of O. sativa (28,469 clones) and 105 in putative genes (28,581 sequences) from the A. thaliana genome. NAC domains from both predicted and known NAC family proteins were classified into two groups and 18 subgroups by sequence similarity. There were a few differences in amino acid sequences in the NAC domains between O. sativa and A. thaliana. In addition, we found 13 common sequence motifs from transcriptional activation regions in the C-terminal regions of predicted NAC proteins. These motifs probably diverged having correlations with NAC domain structures. We discuss the relationship between the structure and function of the NAC family proteins in light of our results and the published data. Our results will aid further functional analysis of NAC family genes.
Introduction
Arabidopsis is recognized as a model dicotyledonous plant, and its genome has been fully sequenced.
1 About 28,000 genes have been predicted from the whole genome sequence, but we know the biological functions of only half of them. Rice (Oryza sativa) is not only a very important food crop but also a good model for studies of monocotyledonous plants because its genome (430 Mb) is the smallest known among the Poaceae species. Its genome sequence was reported in 2002.
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In addition to genome data, we need to know the sequences of full-length cDNAs so that we can idenCommunicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. & Fax.
+81-29-838-7007, E-mail: skikuchi@nias.affrc.go.jp tify exon-intron boundaries and locate gene-coding regions within a genome. This data will then be used to determine gene functions at transcriptional and translational levels.
In the Rice Full-length cDNA Project, 28,469 full-length cDNA clones from O. sativa L. ssp. japonica cv. 'Nipponbare' were collected and sequenced, and various analyses were performed (KOME [http://cdna01.dna.affrc.go.jp/cDNA/]). 6 From these data, differences in gene functions between monocotyledonous and dicotyledonous plants can be analyzed in detail.
NAC family proteins have a consensus sequence known as the NAC domain (petunia NAM and Arabidopsis ATAF1, ATAF2, and CUC2) 7 that is located in the N-terminal region and is divided into five subdomains (A to E) ( Fig. 1) . [8] [9] [10] The finding that petunia plants 8 The DBD (DNA-binding domain) of AtNAM is contained within the subdomains D and E. 9 The NAM domain in InterPro consists of subdomains A to D. The subdomain E of 50 aa (amino acids) was added to the NAM domain in InterPro. 10 The TAR (transcriptional activation region) is the C-terminal region of the NAC family protein.
with mutated NAM (NO APICAL MERISTEM) genes failed to form shoot apical meristems indicates that NAM plays a role in determining the position of the shoot apical meristem and primordia in this plant. 11 Similarly, mutated CUP-SHAPED COTYLEDON (i.e., cuc1 and cuc2) causes defects in the separation of cotyledons (embryonic organs), sepals and stamens (floral organs), as well as in the formation of the shoot apical meristem. 7, 12, 13 The CUC2 gene is thought to act in the development of embryos and flowers. 7 The NAP (NAC-LIKE, ACTIVATED BY AP3/PI) gene is upregulated in flower organ primordia by the gene products of two MADS box genes, APETAL3 and PISTIL-LATA. NAP is expressed mainly beneath the inflorescence meristem as the meristem develops sepals and at the bases of stamen filaments.
14 NAC1 is induced by auxin and mediates auxin signaling to promote lateral root development. 15 It is clear that NAC family genes are involved in various plant developmental and morphogenic systems. Additionally, NAC family genes are plant-specific transcriptional regulators, although details of the transcriptional mechanism have not yet been uncovered. 9, 15, 16 In several plant species, it has been reported that the NAC proteins might constitute a large family. 8, 9, 17, 18 This seems to be true in O. sativa and A. thaliana, although no comprehensive analysis of the NAC family in these species has been reported.
We therefore took a close look at the NAC family with the aim of elucidating the genes that bring about the morphological and physiological differences between monocotyledonous and dicotyledonous plants. From sequence data, we collected proteins with the NAC domain and classified them on the basis of their NAC domain amino acid sequences, and investigated TARs (transcriptional activation regions, see Fig. 1 ) because it has been reported that the transcriptional activation domain is located in the C-terminal region of AtNAM (a member of the Arabidopsis NAC family). 9 We then evaluated the relationship between the functions and structures of NAC family proteins. (For the purposes of this report, "structures" are amino acid sequences.)
Materials and Methods

Collection of NAC family
The predicted longest open reading frames (ORFs) from rice full-length cDNA data (KOME) 6 9 Therefore, we considered that NAC domains, with consist of five subdomains -A, B, C, D, and E (50 amino acids residues) -could be analyzed instead of NAM domains (Fig. 1) . [7] [8] [9] We regarded clones with the NAC domain as predicted NAC proteins, and found 75 predicted NAC proteins (including 56 non-redundant clones) in full-length cDNA data sets of O. sativa and 105 predicted NAC proteins in the A. thaliana genome. The predicted NAC proteins in O. sativa and A. thaliana were named "ONAC" and "ANAC," respectively (Table 1) . 6, 19, 20 Additionally, known NAC family proteins were collected from the literature and from GenBank (GenBank [http://www.ncbi.nlm.nih.gov/]). 27 and the phylogenetic analysis was carried out by the neighbor-joining method.
28 A bootstrap analysis of 1000 resampling replications was conducted with CLUSTAL X. The unrooted phylogenetic tree was displayed using the NJPLOT program included with CLUSTAL X.
Quantified consensus sequences of NAC domains in the respective groups were assigned on the basis of the relative number of occurrences in the "quantify" mode of the GeneDoc program 29 (version 2.6.002) and aligned using the CLUSTAL X program.
Investigation of conserved motifs in transcrip-
tional activation regions The C-terminal region of the NAC protein was named the TAR (transcriptional activation region) (Fig. 1) . Conserved motifs in TARs were detected using the MEME program (version 3.0) (MEME [http://meme. sdsc.edu/meme/website/]) 30 and by alignment using CLUSTAL X.
Results and Discussion
Alignment analysis of predicted NAC proteins 3.1.1. NAC proteins form a large family
Eighteen NAC family genes have been reported in O. sativa and A. thaliana. In this investigation, we found 75 and 105 predicted NAC proteins in O. sativa and A. thaliana, respectively. The findings suggest that the proteins with NAC domains are members of a large gene family 8, 9 and are divergent between the two species. There were many predicted NAC proteins in the two species.
Proteins corresponding to known members of the NAC family were found among our ONACs and ANACs, with the exception of OsNAC7 (Fig. 2) . However, a cDNA clone (AK102224) homologous to OsNAC7 was found by BLASTN search in KOME, although the predicted longest ORF of AK102224 did not have the InterPro NAM domain. We also found that OsNAC7 and AK102224 were mapped on the same transcription unit, and extra introns were inserted in AK102224 (report in preparation for publication). ORFome analysis would be needed to determine whether the protein is coded from the mRNA.
Classification of NAC domains
We focused on the NAC domains in the collected predicted NAC proteins and classified them on the basis of predicted NAC domain amino acid sequences. A phylogenetic tree for NAC domains from ONACs, ANACs, and the known NAC family proteins is shown in Fig. 2 . NAC domains were classified into two large groups: Groups I and II. Although NAC domains from O. sativa and A. thaliana were distributed among the two groups, all the known NAC family proteins fell only into Group I.
In addition, Fig. 2 indicates that the NAC domains in each group could be divided into several subgroups on the basis of similarities in NAC domain structures. NAC family genes have been classified into OsNAC3, ATAF, and NAM subfamilies. 8 These subfamilies correspond to three branches of Group I: the OsNAC3, ATAF, and NAM subgroups (bootstrap values of 994, 993, and 888, respectively). Subgroups in Group I were determined by selecting suitable branches on the basis of the bootstrap values. Consequently, Group I was divided into 14 subgroups (Fig. 2) . Subgroups in Group II were determined by selecting suitable branches on the basis of the high bootstrap values (≥ 800) and the number of members (at least three), resulting in subgroups ANAC001, ONAC003, ONAC001, and ANAC063.
Subgroups ONAC022 and ANAC011 were new groups that did not include any known members of the NAC family. Four subgroups -ANAC011, AtNAC3, ANAC063, and ANAC001 -consisted of NAC domains from A. thaliana. NAC domains from monocotyledonous plants (O. sativa and Triticum sp.) filled subgroups, OsNAC3 and ONAC001. Therefore, the characteristics of each subgroup appear to be important in comparing monocotyledonous and dicotyledonous plants.
We then estimated the reliability of our classification of the two large groups. Eighteen selected NAC domains in each subgroup were used for phylogenetic analysis by Figure 2 . Phylogenetic tree of all NAC domains. The unrooted phylogenetic tree of NAC domains was depicted by the CLUSTAL X program, 27 and was constructed by the neighbor-joining method. 28 The numbers beside the branches represent bootstrap values (≥ 500) based on 1000 replications. The NAC domains were classified into two large groups: Groups I and II. Group I was divided into 14 subgroups (TERN, ONAC022, SENU5, NAP, AtNAC3, ATAF, OsNAC3, NAC2, ANAC011, TIP, OsNAC8, OsNAC7, NAC1, and NAM), although two NAC domains (ONAC024, ANAC077) did not belong to any subgroup. Group II was divided into ANAC001, ONAC003, ONAC001, and ANAC063. Green names beginning with "ONAC" are NAC domains in O. sativa. Magenta names beginning with "ANAC" are NAC domains in A. thaliana. Blue names are the NAC domains from reported NAC families. Roman numerals (i to xiii) written after names indicate motifs in TARs. In clones marked with an exclamation point (!), TARs were not analyzed because they were too short. Asterisks (*) indicate homologues.
the maximum parsimony (MP) method. 31 An MP tree was constructed using protpars in the PHYLIP package (version 3.573c). 31 The significance level of the MP analysis was examined by bootstrap testing with 1000 repeats. NAC proteins in Group I were collected under one branch with a high bootstrap value (950) (data not shown). Figure 3 shows the sequence alignments of the quantified sequences 29 of NAC domains in the respective subgroups. It was clear that the groups and subgroups had characteristic features. Subdomains A, C, and D were tightly conserved, but subdomains B and E were divergent. When we examined subdomains B and E in detail, we found that sequences from Group II were not conserved, but those from Group I were. In particular, sequences from subgroups NAP, AtNAC3, ATAF, and OsNAC3 in subdomain E were tightly conserved.
We can assume that subdomains A, C, and D play important roles in the function of NAC family genes because of their high levels of conservation. The finding that the NAM mutant was formed by insertion of the dTph1 transposable element at subdomain A in the NAC domain shows the importance of the subdomain A.
11 It has also been reported that subdomain C may be involved in DNA binding. 8 From these results and from the literature we consider that the highly conserved subdomains C and D may act mainly in DNA binding. Subdomains C and/or D in the same subgroup may participate in recognition of the same cis-elements.
On the other hand, the diversity of the sequences in subdomains B and E may indicate that these sequences are involved in diverse roles in the NAC domains. For instance, subdomain E might be involved in functional and/or developmental stages and/or tissue-specific diversity. It might also be involved in DNA binding in cooperation with subdomain D. 
Transcriptional activation regions
We thought that structural analysis of the NAC domains (N-terminal regions) was not sufficient for investigating the difference between O. sativa and A. thaliana. Further analysis of all the sequences of the predicted NAC proteins should be performed. However, the TARs of the NAC family are highly divergent, and we did not find any domains in the InterPro domains. We therefore investigated the TARs of the predicted NAC proteins by their alignment sequences using the MEME program In each of nine subgroups the predicted NAC proteins had one common motif in the TARs. Two motifs, iii and iv, were found in subgroup AtNAC3. Moreover, the predicted NAC proteins in subgroups NAC1 and NAM (which are closely related, as seen in Fig. 2 ) had motifs ix (i.e., x + xi) and x. These findings suggest that TARs were conserved in parallel with NAC domain structures.
A result similar to that of this TAR analysis has been reported in AtWRKY proteins, which are plant-specific transcription factors.
32 AtWRKY proteins have two or more motifs in their TARs, and the motifs are found throughout some subgroups classified by their WRKY domains. In addition, the combinations of motifs are conserved in each subgroup. In many NAC family genes, as mentioned above, each protein has one motif in the TAR. We suggest that the TARs of NAC family genes have diverged more widely than those of AtWRKY family genes.
Additionally, the asterisked predicted NAC proteins in Fig. 2 had not only common motifs but also entire TAR structures similar to those of other NAC proteins closely related to them. For example, the TAR of ONAC036 was similar to the TAR of ONAC038, and the TAR of ANAC021 was similar to the TARs of NAC1 and ANAC022. Therefore, some predicted NAC proteins were homologous because of similarity of both the NAC domain and TAR structure. In many cases, homologous predicted NAC proteins were found in only the same species; in a few cases, however, two pairs of homologous proteins were found in different species (one pair was GRAB1 and OsNAC3/ONAC067 and the other pair was ONAC028 and ANAC104).
Although six ANACs with motif xii were found in subgroup ANAC001 (Fig. 2) , four of the six ANACs -ANAC001, ANAC003, ANAC004, and ANAC005 -had not only motif xii in common but also similar entire TAR structures.
Our investigation of TARs by the MEME program clearly showed that the TARs of the predicted NAC proteins have common motifs corresponding to their NAC domain structures, despite their divergence. It is possible that both NAC domains and TAR structures are involved in determining the functions of these proteins.
Functions of the predicted NAC proteins
Analysis of the alignment of proteins with NAC domains showed that the proteins constituted a large family, which could be classified into two groups and 18 subgroups. Because proteins with domains similar in alignment have the same kinds of functions, our results help to reveal the relationship between the structure of NAC domains and their function.
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Morphogenesis
NAM and CUC2 are members of subgroup NAM (Fig. 2) ; both are involved in shoot apical meristem (SAM) formation and development. 7, 11, 12 CUC1 and CUC2 (also members of subgroup NAM) are functionally redundant genes. 12, 23 Additionally, TARs with motifs x and xi were found in CUC1, CUC2, and other predicted NAC proteins in subgroups NAM and NAC1. NAC1 also has important roles in development and morphogenesis. These findings support the view that the predicted NAC proteins in subgroups NAM and NAC1 function in morphogenesis.
Stress response
ATAF1, ATAF2, and StNAC belong to subgroup ATAF, and are rapidly and transiently induced by wounding.
22 OsNAC6, in subgroup ATAF, is involved in the stress response. 21 Additionally, these NAC family proteins in subgroup ATAF have motif v. These reports and results provide strong support for the idea that the NAC family members in subgroup ATAF share a conserved role in the response to stress stimuli.
22
In addition, the sequences of subdomain E from subgroups NAP, AtNAC3, ATAF, and OsNAC3 are tightly conserved. In the analysis of NAC domain structures, the bootstrap value was high (926) where these subgroups diverged from the main branch. If the function of the NAC domain is dependent on the structure of subdomain E, the NAC proteins in subgroups ATAF, NAP, AtNAC3, and OsNAC3 may also be involved in the stress response.
Five motifs of TARs were found in these subgroups. However, none of the predicted NAC proteins with the same motif belonged to more than one subgroup. For example, predicted NAC proteins with motif vi were found only in subgroup OsNAC3. If the function of the NAC family protein is related to the sequence of the TAR, then the NAC proteins in subgroups NAP, AtNAC3, ATAF and OsNAC3 may be involved in different functions or responses.
It would be interesting to study the functions of the NAC proteins in these subgroups, because such a study would reveal the relationship between function and subdomain E or TAR structures.
Future prediction of functions
The results of structural analyses of NAC domains will be helpful in further functional analysis of the NAC family. Many groups and subgroups consist of NAC domains from both O. sativa and A. thaliana. NAC proteins classified in the same groups may have the same functions in events common to monocotyledonous and dicotyledonous plants. A few subgroups consist of NAC proteins only, from either monocotyledonous or dicotyledonous plants (Fig. 2, 3.1.2) . The NAC proteins in these groups may have monocot-or dicot-specific functions that are as yet unknown. For example, NAC proteins in subgroup OsNAC3 (a monocot-specific subgroup) may be involved in monocot-specific responses to stress.
There are still many NAC family genes whose functions we do not know. In the future, we will need to examine further how structural differences influence function.
